Background/Aims: Recent studies show that albuminuria may be the result of changes in post-glomerular cellular uptake and processing of albumin. This study aims to determine whether this processing is disrupted in diabetes and/or hypertension. Methods: Diabetes (d) was induced using streptozotocin in spontaneously hypertensive rats (SHR) and normotensive Wistar Kyoto rats (WKY) and studied after 8, 16 and 24 weeks of disease. Intact albumin excretion was determined by radioimmunoassay. Total albumin was determined by [ 14 C]albumin. Lysosomal activity was determined by dextran sulfate desulfation. Renal TGF-ß1 and transforming growth factor-ß1 inducible gene-h3 mRNA (ßig-h3) expression was determined by real time RT-PCR. Results: SHR-c rats exhibited an increase in intact albuminuria without significant change in total albumin excretion (intact plus albumin-derived peptides). For WKY-d rats, intact albuminuria developed initially, followed by an increase in total albumin excretion primarily in the form of albumin peptides (peptiduria). SHR-d rats exhibited both increases in peptiduria and intact albuminuria. There was no increase in glomerular permeability at 24 weeks for polydisperse [ 3 H]Ficoll in all groups. Increased renal TGF-ß1 and ßig-h3 expression was correlated with a decrease in dextran sulfate desulfation and increased intact albuminuria independent of peptiduria. Conclusion: Increased albumin excretion in hypertension and/ or diabetes is manifested in different forms independent of glomerular permeability. Copyright © 2003 S. Karger AG, Basel Albuminuria, as determined by immunochemical assays, is one of the earliest clinical markers for diabetic nephropathy, and more recently a predictor of renal damage and cardiovascular disease in hypertension [1, 2] . Recent studies have demonstrated that filtered albumin, like other filtered proteins, undergoes lysosomal-mediated fragmentation during renal passage [3] which results in filtered albumin being excreted predominantly in a fragmented form. Analysis of urinary albumin by immunochemical assays have been shown to detect intact albumin which represents only a small proportion of the total amount (intact plus albumin peptides) excreted [4, 5] .
There is an urgent need, therefore, to understand the quantitative relationships by which filtered intact albumin and albumin peptides are excreted in diabetes and/or hypertension.
Recent findings have shown that albumin is filtered according to its size and is processed by two cellular pathways distal to the glomerular basement membrane (GBM). The majority of filtered albumin is retrieved and returned to the circulation, intact, via the 'retrieval pathway' (195%) [6] . The remaining !5% is degraded in lysosomes, regurgitated back into the tubule lumen and excreted as degradation products via the 'degradation pathway' [7] [8] [9] . Changes in albumin processing via the degradation pathway may directly affect intact albumin excretion without changing the total albumin excretion (intact plus albumin peptides). Disruptions to the retrieval pathway may lead to increases in total albumin excretion where albumin is excreted intact or as peptides due to degradation prior to excretion. The nature of these permutations in diabetes-and/or hypertension-related renal disease is unknown. They are likely, however, to be of major importance in characterising the manifestation of renal disease as it has been recently shown in glomerulonephritis that albuminuria can occur independently of changes in albumin permeability at the glomerular capillary wall (GCW) [10] .
Although the causal events leading to albuminuria are unknown it is apparent that there may be a direct relationship between increased cytokine expression of TGF-ß, and the onset of albuminuria. Analysis of TGF-ß isoforms in diabetes suggests that they are up-regulated [11] and this has been linked to increased glucose levels [12] . Upregulation of TGF-ß has also been demonstrated in stroke-prone spontaneously hypertensive rats [13] (possibly due to expression by mesangial cells associated with stretching forces [14] [15] [16] brought about by high intra-glomerular pressure). Although TGF-ß has long been noted for its fibrogenic potential [12, 17, 18] , recent studies suggest that TGF-ß also influences lysosomal enzyme activity [19] . This may provide an interesting new mechanism for how TGF-ß may be involved in the onset of albuminuria in both diabetes and in hypertension. Increases in the level of TGF-ß may alter lysosomal activity leading to disrupted albumin handling by the degradation pathway giving rise to increased excretion of intact albumin observed in these states. Although the measurement of TGF-ß is difficult, analysis of TGF-ß inducible gene-h3 (ßig-h3) mRNA expression allows one to analyse TGF-ß translation using polymerase chain reaction (PCR) [20] . This paper explores the effect that diabetes has on the origins of albuminuria in rats with and without hypertension as determined by changes in albumin permeability, total albumin and intact albumin excretion. Changes in lysosomal activity that could also influence albuminuria and the relationship between decreased lysosomal activity and altered renal TGF-ß1 expression is also analysed.
Research Design and Methods

Experimental Animals
Male SHR and WKY rats weighing 200-250 g were obtained from the Australian Resource Centre (Perth, Australia). Throughout the experimental period all rats were housed in rat boxes, under a 12-hour day/night cycle with free access to standard rat chow and water and maintained for 8, 16 or 24 weeks. Systolic blood pressure (BP) was measured by tail-cuff plethysmography in conscious, warmed rats [21] . Glycohemoglobin (GHb) was measured by highperformance liquid chromatography (CLC330 GHb Analyzer, Primus, Kansas City, Mo., USA) [22] while glomerular filtration rate (GFR) was determined by creatinine assay [23] .
Diabetes Induction
Fasting male WKY and SHR weighing between 200 and 250 g, were randomised to receive an intravenous injection of streptozotocin (STZ) (Sigma Chemical Co., St. Louis, Mo., USA) at a dose of 50 mg/kg for WKY rats and 45 mg/kg for SHR, or sodium citrate buffer (pH 4.5) alone for control rats. Only diabetic animals with blood glucose 1 15 mmol/l were included in the study. Diabetic animals were given 2-4 U of long-acting insulin (Ultralente, Novo Nordisk, Bagsvaerd, Denmark) daily to maintain body weight and to prevent ketoacidosis.
Radiolabelling of Proteins
Rat serum albumin (albumin) and rat transferrin (Sigma Chemical Co., St. Louis, Mo., USA) were carbon-14 labelled with 125 ÌCi [ 14 C]formaldehyde (NEN Life Science Products, Boston, Mass., USA) using a modified reductive methylation technique [24] .
Polydisperse Ficoll-70 (Sigma Chemical Co, St. Louis, Mo., USA) and dextran sulfate MW 48,000 (16% sulfur, degree of sulfate substitution = 1.7 sulfate groups per sugar residue) (TdB Consultancy, Uppsala, Sweden) were tritiated with sodium boro-[ 3 H]hydride (NEN Life Science Products, Boston, Mass., USA) using a modified reductive methylation technique [25] . Co., St. Louis, Mo., USA) to inhibit bacterial growth. The rats were anaesthetised by Forthane (Abbott Australasia Pty Ltd., Kurnell, Australia) inhalation and an osmotic pump was implanted subcutaneously between the scapulae using sterile technique one week before the end of each time point. The rats were placed in metabolic cages on days 5 and 7 after pump implantation to allow for 24-hour urine collection. Following urine collection a plasma sample was taken. Both blood and urine samples were analysed for radioactivity and by radioimmunoassay (RIA).
Osmotic Pump Implantation for in vivo Fractional
Column Chromatography
Polydisperse [ 3 H]Ficoll-70 in plasma and urine samples were fractionated using an S-300 column (column dimensions 62 cm ! 1.6 cm 2 ) (Pharmacia Fine Chemicals, Uppsala, Sweden). The column was run at 4°C with a flow rate of 20 ml/h in PBS containing 0.2% w/v bovine serum albumin and 0.02% w/v sodium azide. Ninety-five fractions of F1.7 ml were collected with column recoveries between 95 and 105%. K av = (V e -V o )/(V t -V o ) where V e is the elution volume, V o the void volume and V t the total volume of the column.
The K av for radiolabelled albumin, transferrin and IgG on Sephacryl S-300 was 0.464, 0.424 and 0.332, respectively. The fractional clearance (Fc) of [ 3 H]Ficoll corresponding to these radii was determined by calculating the elution of [ 3 H]Ficoll (dpm/ml) at the corresponding K av , in urine and plasma samples.
Lysosomal Activity
Renal lysosomal activity was measured in vivo using the desulfation of dextran sulfate during filtration and renal passage as outlined previously [26] . Two milligrams of tritium-labelled dextran sulfate was injected intravenously into 24-week rats. A 3-hour urine sample was taken and a plasma sample. Urine samples were analysed via ion-exchange chromatography using a 19 cm ! 1 cm 2 Q-Sepharose column (Pharmacia Fine Chemicals, Uppsala, Sweden). The sample was applied in 6 mol/l urea, 0.05 mol/l tris, 0.05% CHAPS, 0.15 mol/l NaCl, pH 7.0 and eluted with a linear gradient 1-2.5 mol/l NaCl in the same buffer. The percent intact dextran sulfate was determined using the area under the curve for intact dextran sulfate compared to total dextran sulfate elution.
Albumin Radioimmunoassay
[ 125 I]albumin was prepared using the Chloramine T method [27] . Plasma and urinary albumin concentration was measured using a double antibody RIA. The inter-assay coefficient variation was 7% at a concentration of 180 Ìg/l. The detection limit of the assay was 31.2 Ìg/l.
Reverse Transcription-Polymerase Chain Reaction cDNA was synthesised with Superscript First Strand synthesis system for RT-PCR (Gibco BRL, Grand Island, N.Y., USA). Renal TGF-ß1 and ßig-h3 mRNA expression was analysed by real-time quantitative RT-PCR (TaqMan system) as previously described [28] . Primers and Taqman probe for TGF-ß1, ßig-h3 and the endogenous reference 18S rRNA were constructed by Primer express (ABI Prism 7700, Perkin-Elmer Inc., Foster City, Calif., USA). TGF-ß1 (GenBank accession No.: X52498), forward primer (nucleotide 1431): 5)-TTGCCCTCTACAACCAACACAA-3) and reverse primer (nucleotide 1533): 5)-GGCTTGCGACCCACGTAGTA-3). TGF-ß1 specific probe (nucleotide 1454) was FAM-5)-CCGGGTGCTTCCGCA-TCACC-3)-TAMRA; FAM is 6 carboxyfluorescein, TAMRA (quencher) is 6-carboxy-tetramethylrhodamine. ßig-h3 (GenBank accession No.: AF3057B) forward primer (nucleotide 209): 5)-TCTGC-ATTGAAAACAGCTGCAT-3) and reverse primer (nucleotide 288): 5)-CAGCATCCGGTCCATGGT-3). ßig-h3 specific probe (nucleotide 242) was FAM-5)-CAGGGTCCCATACCGTCCCTTCTTG-T-3)-TAMRA. Results expressed relative to control kidneys, which were arbitrarily assigned a value of 1.
Counting of Radioactivity
Tritium and carbon-14 radioactivity was determined using a 1:3 ratio of sample to Optiphase scintillation fluid and recorded on a Wallac 1409 liquid scintillation counter (Wallac, Finland).
Statistics
Data are expressed as mean B SE where n represents the number of determinations. Normally distributed variables in different groups were compared by analysis of variance using the Statview program (Brain Power, Calabasas, Calif., USA). Comparisons between group means were performed by Fisher's least significant difference method. p ! 0.05 was considered statistically significant.
Equations
Fc was determined using the equation:
where UFR is the urine flow rate (ml/min).
Total albumin (intact plus albumin-derived peptides) excretion was calculated as
where plasma albumin (mg/ml) is determined by RIA.
Percent intact albumin was determined as RIA intact albumin (mg/24 h)/total albumin (mg/24 h) ! 100.
Results
Physiological Parameters
The results in table 1 demonstrate that diabetic rats exhibited significantly elevated GHb levels (table 1) (p ! 0.001). This trend was also followed for kidney to body weight ratio and urine volume which both increased as a result of diabetes (table 1) (p ! 0.001). Body weight was lower in diabetic versus control groups (table 1) 
Intact Albumin Excretion Rate
Intact albumin excretion as determined by RIA ( fig. 2 ) was significantly higher in the SHR versus WKY groups at 0 weeks. Both the WKY-d and SHR-c groups exhibited a progressive increase in intact albumin excretion over the 24 weeks with an approximate 10-fold increase at 24 weeks compared to WKY-c. Combined hypertension and diabetes (SHR-d) showed a more rapid and significant increase in intact albumin excretion which resulted in a 100-fold increase over the 24-week period.
Glomerular Permeability
To determine the origins of the increase in intact albumin excretion, glomerular permeability was determined using Ficoll which has a globular structure like albumin and is not reabsorbed by the tubules [29, 30] . Figure 3a demonstrates that there was no significant increase in glomerular permeability to molecules of radii 36, 48 or 55 Å at 24 weeks in all groups studied. There was, however, a lower Ficoll Fc at 36 
Protein Fractional Clearance Studies
The Fcs of albumin and transferrin were determined using both radiolabelled proteins and RIA (fig. 3b) . The Fc of intact proteins, as measured by RIA, was relatively lower than that of 14 (fig. 3b) . The changes in intact transferrin excretion followed the same trend as intact albumin excretion suggesting a common underlying mechanism in the processing of these proteins and its disruption in diabetes and/or hypertension.
Intact versus Total Albumin Excretion
Analysis of the relationship between intact and total albumin excretion at 8, 16 and 24 weeks (fig. 4a, b and c, respectively) revealed a number of distinct features. For the control group, the amount of intact albumin was less than 1% of the total albumin due to the large quantity of albumin fragments in the urine. Within the WKY-c group, the variation of total albumin excretion was large, ranging from 90 to 160 mg/24 h. This variation is primarily due to the variation in the relatively high level of albumin fragment excretion or peptiduria that has previously been unreported. The major change associated with the SHR-c group was essentially a progressive increase in intact albumin ( fig. 4a-c) without any significant change in total albumin excretion. Both groups of diabetic rats exhibited markedly different behaviour and followed a trend of an early increase in intact albumin excretion followed by a later increase in total albumin excretion. The WKY-d group showed moderate increases in intact albumin excretion much the same as the SHR-c, but a much larger range of total albumin excretion where the mean was significantly higher than the control (WKY-c 117 B 9 mg/24 h, WKY-d 239 B 28 mg/24 h, SHR-c 158 B 9 mg/24 h, SHR-d 243 B 18 mg/24 h p ! 0.05 diabetic versus control groups). Similar changes in total albumin excretion were observed for the SHR-d group, however with a relatively greater increase in intact albumin excretion.
Lysosomal Activity
The results in figure 4a-c demonstrate that the changes in the degradation of filtered albumin, without change in total albumin excretion, are responsible for the initial increases in intact albumin excretion. Thus analysis of lysosomal activity amongst the groups was determined ( fig. 5 ). The desulfation of dextran sulfate is affected by lysosomal sulfatases and their activity may be considered as a marker of in vivo renal lysosomal activity. In 24-week rats, the amount of intact urinary dextran sulfate increases in all groups exhibiting increases in intact albuminuria. This increase was highest in the SHR-d group (p ! 0.001) versus WKY-c. Figure 6a shows a trend of increased renal TGF-ß1 mRNA in albuminuric groups. Increased translation of TGF-ß1 was confirmed by increased ßig-h3 mRNA ( fig. 6b ) (expression of which is induced by increased TGF-ß1 production) [20] . ßig-h3 mRNA shows a general increase over time with a significant increase at 24 weeks in all groups with albuminuria in parallel with decreased lysosomal activity and increased intact albumin excretion at 24 weeks ( fig. 5 ).
TGF-ß and ßig-h3 mRNA Expression
Discussion
A widely cited mechanism of albuminuria associated with diabetes is that caused by alterations in glomerular permeability including loss of charge selectivity and formation of large pores [31] [32] [33] [34] [35] [36] . Increases in glomerular permeability associated with hyperfiltration in hypertension has also been thought to account for albuminuria in hypertension [37] [38] [39] . The present studies have demonstrated that it is unlikely that alterations to transglomerular capillary wall transport could account for the observed changes in albuminuria and peptiduria. We have demonstrated in this study that changes in the permeability of the GCW were not apparent when Ficoll Fc was measured. There was no formation of large pores. In addition, we have previously established that glomerular charge selectivity is not a factor as studies have demonstrated this to be negligible [10, 40] . While there were significant increases in systemic blood pressure in the SHRs there was no corresponding increase in GFR thus eliminating the possibility of glomerular hyperfiltration of albumin. These results show that glomerular permeability to albumin is unaltered in diabetic and hypertensive states in rats.
Previously, TGF-ß has been implicated in the early events associated with diabetic nephropathy, particularly with increased glucose levels [11, 12] and its effect on lysosomal activity [19] . Our studies demonstrate a correlation between elevated levels of renal TGF-ß1 and changes in renal lysosomal activity as measured by the Russo/Osicka/Brammar/Candido/Jerums/ Comper degree of degradation of excreted albumin and dextran sulfate. These findings would concur with recent studies by Adler et al. [41] that demonstrate that intact albuminuria in diabetic nephropathy is correlated with increases in glomerular mRNA for connective tissue growth factor that is produced after cellular stimulation with TGF-ß.
The onset of albuminuria by changes in lysosomal activity may account for the albuminuria seen in hypertension. It also appears to be amplified in hypertensivediabetic rats. Its occurrence is correlated with increases in TGF-ß and decreases in renal lysosomal activity. In diabetes, there appears to be an additional mechanism operating involving peptiduria. Peptiduria increased in both diabetic and diabetic-hypertensive rats. There was effectively no increase in peptiduria in hypertension alone. It was also apparent that the time dependent onset of intact albuminuria and peptiduria was different. Intact albuminuria occurs early in the progression of the disease whereas the development of peptiduria appears to have a later onset in diabetic states.
The peptiduria is unusual in the context that we have identified that lysosomal activity is reduced yet peptide excretion (resulting from lysosomal activity) is enhanced. We rationalise peptiduria as resulting from a malfunction of the high capacity retrieval pathway for albumin [6] . Albumin not retrieved by this pathway has the opportunity to be taken up by the degradation pathway downstream from the retrieval pathway. This albumin is then degraded prior to excretion. While the amount of albumin being exposed to the degradation pathway is greater in diabetes, paradoxically there is a simultaneous inhibition of lysosomal activity as more albumin escapes degradation and is excreted intact. Increases in the capacity of the degradation pathway may be inherent within normal and diabetic kidneys such that saturation has not been achieved or there may be increased turnover or trafficking of albumin to the lysosome. It is apparent that when the analysis of albumin is confined to intact albumin alone as in previous studies, then conclusions concerning renal handling of albumin will be incomplete as peptiduria will not have been taken into account.
Very high levels of peptides have previously been identified in the urines of normo-and micro-albuminuric diabetic patients [42] .The enhanced excretion of peptides in diabetic nephropathy was suggested from the semi-quantitative studies on micro-and macro-albuminuric diabetic patients [8] . This study quantitatively demonstrates that the major increase in proteinaceous material in urine in experimental diabetes is due to finite increases in peptiduria. This appears to be a unique feature of albuminuric states in diabetes. In diabetic rats, the level of albumin derived material in urine is approaching nephrotic states comparable to that obtained in anti-glomerular basement membrane glomerulonephritis (anti-GBM GN) and puromycin aminonucleoside nephritis (PAN) [10] . There are, however, major differences with classic nephrosis in terms of (1) while there is a significant decrease in plasma albumin for diabetic and diabetic-hypertensive rats it does not compare to the 160% decrease observed in PAN and anti GBM GN [10] ; (2) that the excreted protein is in the form of protein fragments as compared to the intact protein found in nephritis, and (3) the Fc of albumin is still considerably lower than the Fc of albumin measured for anti GBM GN and PAN. High levels of glomerular albumin permeability have been reported in studies of swollen isolated glomeruli obtained from STZ diabetic rats [43, 44] . While these results clearly reflect structural alterations in these glomeruli, it remains to be determined what quantitative relationship these in vitro permeability measurements have in relation to in vivo states.
To our knowledge this is the first time albuminuria in hypertension and diabetes has been analysed in terms of the permutations of two different mechanisms of post GBM albumin processing that are clearly independent of glomerular permeability. This study also provides evidence that increased renal TGF-ß1 may be linked to increased intact albumin excretion in diabetes, hypertension and possibly in the early stages of the combined state. These results may be pertinent in explaining the observations made in the early stages of diabetic nephropathy where defects in the tubular handling of filtered proteins have been proposed [45] . Finally, this paper identifies peptiduria as an important component of albuminuria in diabetes, the monitoring of which may give new clues as to the diagnosis of the onset and progression of diabetic nephropathy and the design of improved anti-albuminuric/proteinuric drugs.
